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Abstract
We report the first study on the optical force exerted by an evanescent wave on a small sphere
with both electric and magnetic response to the incident field, immersed in an arbitrary non-
dissipative medium. New expressions and effects from their gradient, radiation pressure, and curl
components are obtained due to the particle induced electric and magnetic dipoles, as well as to
their mutual interaction. We predict possible dramatic changes in the force depending on either
the host medium, the polarization and the nature of the surface wave.
1
]The expression for the optical force on a small magnetodielectric particle [1] consist of three
terms: an electric, < Fe >, a magnetic, < Fm >, and an electric-magnetic dipolar interaction
component, < Fe−m >, whose physical meaning, associated to the differential scattering
cross section, was given [2] on the basis of the formal analogy between the conservation
of the momentum, (the optical force), and the energy, (the optical theorem). Studies on
photonic forces in the near field are of importance if one wishes to enter in the subwavelength
scale [3–12]. This involves evanescent waves. However, as far as we are aware, the effects of
such waves on magnetodielectric objects, have not been yet investigated.
Like for non-magnetic particles [13, 14], each of those above mentioned three terms of the
optical force admit a decomposition into a gradient, a scattering (radiation pressure) and a
curl component. Let e(i)(sxy) and b
(i)(sxy) denote the complex amplitude of each angular
plane wave component of the electric and magnetic vectors incident on the particle [15, 16],
inducing the electric and magnetic dipole moments p and m, respectively; the wavevector
of this wave being: k = k(sxy, sz), k = nω/c, ω representing the frequency and n =
√
ǫµ, (ǫ
and µ stand for the dielectric and magnetic constants of the lossless surrounding medium),
sz =
√
1− s2xy for propagating waves: s2xy ≤ 1, and sz =
√
s2xy − 1 for evanescent waves:
s2xy > 1. A time dependence exp(−iωt) is assumed throughout.
Let the particle be a small sphere of radius a, with constants ǫp and µp, np =
√
ǫpµp, such
that its scattering is accurately described (see details in [17]) by the electric and magnetic Mie
coefficients a1 and b1 [18]. Then the electric and magnetic polarizabilities are: αe = i
3ǫ
2k3
a1
and αm = i
3
2µk3
b1, respectively [2]. The induced dipole moments are expressed in terms
of the amplitude of the incident field components: p = αee
(i); m = αmb
(i). We write
[2, 19]: αe = α
(0)
e
(
1− i 2
3ǫ
k3α
(0)
e
)−1
, αm = α
(0)
m
(
1− i2
3
µk3α
(0)
m
)−1
, α
(0)
e and α
(0)
m being the
corresponding static polarizabilities. Notice that in particular, in the Rayleigh limit ka≪ 1,
k|np|a ≪ 1 one has [2, 18]: α(0)e = ǫa3 ǫp−ǫǫp+2ǫ , α
(0)
m = µ−1a3
µp−µ
µp+2µ
. Such magnetodielectric
spheres have recently been shown to be available of Si, Ge and T iO2 in the near infrared
[17], as well as high refractive index spheres and rods in the microwave region (see Refs. 17
- 21 in [17]).
We next determine the action exerted by one of those aforementioned components: an
evanescent wave, on the sphere. Such a wave may be produced by e.g. total internal
reflection (TIR) at a plane dielectric interface, or by a surface plasmon-polariton (SPP) at
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a metal film surface. In either situation, the particle is in the rarer medium of constants ǫ,
µ and n =
√
ǫµ, in the half space Z > 0. XZ is the plane of incidence, (see the inset of
Fig.1). We shall consider the broad variety of cases, delimited in e.g. [12, 13], in which both
the particle scattering cross section and distance to the surface allow to neglect multiple
wave interactions bettween the sphere and the plane. The electric and magnetic vectors
of the generic evanescent wave, created in the medium Z > 0 containing the particle, are:
E(i)(K) =
(− iq
k
T‖, T⊥,
K
k
T‖
)
exp(iKx− qz),
B(i)(K) = n
(− iq
k
T⊥,−T‖, Kk T⊥
)
exp(iKx− qz).
For TE or s (TM or p) - polarization , i.e. E (B) perpendicular to the plane of incidence XZ,
only those components with the transmission coefficient T⊥, (T‖) are chosen in the incident
fields E(i) and B(i) . Now K denotes the component of the wavevector k = k(sxy, sz), parallel
to the interface; i.e. k = (K, 0, iq), q =
√
K2 − k2, k2 = K2 − q2.
Introducing the above equations into Eqs. (42) - (44) of [2], the resulting electric dipole
force components then are
< Fe >x=
ℑαe
2
K exp(−2qz)[|T⊥|2
+|T‖|2(2K
2
k2
− 1)], (1)
< Fe >z= −ℜαe
2
q exp(−2qz)[|T⊥|2
+|T‖|2(2K
2
k2
− 1)]. (2)
Whereas the magnetic dipole forces become
< Fm >x= n
2ℑαm
2
K exp(−2qz)[|T‖|2
+|T⊥|2(2K
2
k2
− 1)], (3)
< Fm >z= −n2ℜαm
2
q exp(−2qz)[|T‖|2
+|T⊥|2(2K
2
k2
− 1)]. (4)
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And the electric-magnetic dipolar interaction forces are given by
< Fe−m >x= −k
4
3
√
µ
ǫ
1
k
ℜ(αeα∗m)K exp(−2qz)[|T⊥|2
+|T‖|2(2K
2
k2
− 1)], (5)
< Fe−m >z= −k
4
3
√
µ
ǫ
1
k
ℑ(αeα∗m)q exp(−2qz)[|T⊥|2
+|T‖|2(2K
2
k2
− 1)]. (6)
ℜ and ℑ mean real and imaginary parts, respectively. Once again, for s (p) polarization,
only the terms with T⊥, (T‖) are taken in these equations. Out of a Mie resonance, for
pure electric dipole or pure magnetic dipole particles, with positive ǫp and µp and with little
absorption, ℜα > ℑα, and Eqs. (1)-(4) show that the Z-component, i.e. the gradient force,
of < Fe > and < Fm > is larger than the X-component, i.e. than the radiation pressure or
scattering force. This would confirm some of the observations in the experiment of [12] for
purely dielectric particles, and predicts an analogous effect in < Fm > for magnetodielectric
particles. However, this behavior competes with the opposite one of the interaction force
< Fe−m >, for which Eqs. (5) and (6) show that the X-component is larger than the Z-
component. On the other hand, in a Mie resonance: ℜα << ℑα [7, 13, 17] and, hence, the
opposite effect should occur in its neighborhood,
The term with factor 2q2/k2 = (2K2/k2)−2 in the X-component of < Fe > and < Fm >,
Eqs. (1) and (3), is due to the curl component of the decomposition [cf. Eqs. (42)- (44) in
[2]] of < Fe > and < Fm >, respectively. On the other hand, the contribution of this term
to the Z-component of < Fe > and < Fm >, Eqs. (2) and (4), is totally due to the gradient
component.
For example, for a perfectly conducting Rayleigh sphere: α
(0)
e = ǫa3, α
(0)
m = −a3/2µ, so
that:
< Fx >=
K
2
exp(−2qz)k3a6ǫ{|T⊥|2[2
3
+
1
6
(2
K2
k2
− 1)
+
1
3
] + |T‖|2[2
3
(2
K2
k2
− 1) + 1
6
+
1
3
(2
K2
k2
− 1)]}, (7)
< Fz >= −q
2
exp(−2qz)a3ǫ{|T⊥|2[1− 1
2
(2
K2
k2
− 1)]
+|T‖|2[(2K
2
k2
− 1)− 1
2
]}. (8)
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In the special case of a particle small enough to neglect terms k6a6 and higher, < Fe−m >
does not contribute to < Fz >. In Eqs. (7) - (8) the first and second terms within the square
bracket that multiplies the corresponding |T |2 transmission coefficient, are due to < Fe >
and < Fm >, respectively. The force < Fe−m > is the third term in these brackets of Eq.
(7). The force X-component differs from the Z-component by a factor k3a3.
If the medium containing the particle were a hypothetical quasi-lossless left-handed fluid
(LHM) [20], ǫ < 0, µ < 0 which conveys n < 0, then instead of iq one has −iq in all
equations and, within the regularization conditions for the wavefunction in LHMs [16], the
forces exponentially increase with the distance to the surface.
The scattering components of < Fe > and < Fm >, Eqs. (1) and (3), change sign with
that of n, (i.e. with that of ǫ and µ); thus as regards the sign of the radiation pressure in
LHMs, one obtains the same result as for an incident plane propagating wave [2, 20]. The
sign of the scattering component of < Fe−m >, Eq. (5), and of the gradient components,
Eqs. (2), (4) and (6), depends on the relative values of the particle constitutive constants
with respect to those of the embedding medium. Notice that for the polarizabilities of these
small particles, a change of sign in n, (i.e., in ǫ and µ), is equivalent to a change of sign in
np, (namely, in ǫp and µp).
Returning to the case of ordinary surrounding media, i.e. n > 0, the factor (2(K2/k2)−1)
associated to the polarization that appears in Eqs. (1) - (8), may be large when K2 >> k2, a
situation that occurs in the electrostatic approximation. In TIR, this can be attained either
by illuminating at large angles of incidence, by employing a large contrast interface, or by
a combination of both. However, these possibilities are hindered by a consequent drastic
decrease of the Fresnel transmission coefficient. Fig. 1 illustrates these facts for the electric
force, Eqs. (1) and (2), and for the electric-magnetic interaction force, Eqs. (5) - (6), for an
index contrast: 2.58. Even so, this figure also shows that the ratio |T‖|2(2K2k2 − 1)/|T⊥|2 can
be almost 6 near the critical angle θi = 22.8
◦. These results indicate a similar interplay of
the factor (2K
2
k2
− 1) and |T⊥|2 for the magnetic force, Eqs. (3) and (4).
An alternative, more efficient than TIR to enhance the optical force at optical wavelengths
with p-polarization, and hence with the contribution of the factor 2(K2/k2)−1, is when the
evanescent wave is a SPP emerging at the plane Z = 0 from a noble metal film in Z < 0.
For instance, for silver in the Kretschmann-Raether configuration (cf. [21] and Fig. 1(b) of
[22]), the transmission coefficient of the evanescent wave in Z > 0 reaches a value as large
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FIG. 1: T.I.R.: With reference to Eqs. (1)- (2) and (5) - (6), Fs(x) denotes the force component
factor: |T⊥|2, Fp(x) means the same for the factor: |T‖|2(2K2k2 −1), Tp(x) stands for |T‖|2, Ratio(x) =
Fp(x)/Fs(x), p(x) = 2
K2
k2
− 1. theta(x) is the angle of incidence in degrees, θi, from the denser
medium of relative index n = 2.58 in Z < 0, (see inset geometry).
as |T‖|2 ≃ 100 at λ = 600nm, and |T‖|2 ≃ 50 at λ = 450nm for an angle of incidence on
the metal layer (of thickness: 500nm) from the quartz prism: θi = 45.2
◦, [cf. Ref. [22],
Section 2.4: Figs. 2.12 and 2.13 and Eqs. (2.27) - (2.30)], when the Fabry-Perot resonance
of the metal film is excited. Then, 2(K2/k2)− 1 = 2 sin2 θt− 1 = 2n20 sin2 θi− 1, θt denoting
the (complex) angle of transmission into the medium Z > 0 containing the particle, (which
we assume of unity refractive index), and n0 = 2.2 standing for the quartz refractive index.
Thus, 2(K2/k2) − 1 = 2(2.2)2 sin2 45.2◦ − 1 = 3.87. Namely, |T‖|2(2K2/k2 − 1) = 387 for
λ = 600nm and 193.5 for λ = 450nm. These values are more than one order of magnitude
larger than those obtained by TIR, as seen from a comparison with Fig. 1.
Concerning the magnetic dipole force on a magnetodielectric particle, Eqs. (3) and (4),
the role played by E for the electric force is now played by B. A strong surface wave under
s-polarization, constituting a magnetic SPP, may now be excited if the medium in Z < 0 is
magnetodielectric instead of a metal. A particular case is that of a left-handed metamaterial
in Z < 0 [23]. Further work, both theoretical and experimental, is necessary to estimate the
strength and feasibility of such excitation.
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In conclusion, we have reported what we believe are the first predictions on effects of
the optical force exerted by an evanescent, or surface, wave on a magnetodielectric sphere,
immersed in an an arbitrary lossless uniform medium medium. Since such particles are now
known to be available [17], future experimental work should be feasible, observing these
findings and possible additional phenomena.
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FIS2006-11170-C01-C02 and FIS2009-13430-C01-C02.
[1] P.C. Chaumet and A. Rahmani, ”Electromagnetic force and torque on magnetic and negative-
index scatterers”, Opt. Express 17, 2224 (2009).
[2] M. Nieto-Vesperinas, J. J. Saenz, R. Gomez-Medina and L. Chantada, ”Optical force on
magnetodielectric small particles”, Opt. Express 18, 11428 (2010).
[3] L. Novotny and B. Hecht, Principles of Nano-Optics, (Cambridge University Press, Cam-
bridge) (2006).
[4] P. C. Chaumet y M. Nieto-Vesperinas, ”Time-averaged total force on a dipolar sphere in an
electromagnetic field”, Opt. Lett. 25, 1065 (2000).
[5] P. C. Chaumet and M. Nieto-Vesperinas, Electromagnetic force on a metallic particle in the
presence of a dielectic surface. Phys. Rev. B 62, 11185 (2000).
[6] M. Nieto-Vesperinas, P. C. Chaumet and A. Rahmani, ”Near-field photonic forces”, Phil.
Trans. R. Soc. Lond. A 362, 719 (2004).
[7] A. S. Zelenina, R. Quidant, M. Nieto-Vesperinas, ”Enhanced optical forces between coupled
resonant metallic nanoparticles”, Opt. Lett. 32, 1156 (2007).
[8] J. C. Righini, A. S. Zelenina, C. Girard and R. Quidant, ”Parallel and selective trapping in a
patterned plasmonic landscape”, Nature Phys. 3 477 (2007).
[9] S. Kawata and T. Sugiura, ”Movement of micrometer-sized particles in the evanecent field of
a laser beam”, Opt. lett. 17, 772 (1992).
[10] L. Novotny, R. X. Bian, and X. S. Xie, ”Theory of Nanometric Optical Tweezers”, Phys. Rev.
Lett. 79, 45 (1997).
[11] Y. G. Song, B. M. Han and S. Chang, ”Force of surface plasmon coupled evanescent fields on
Mie particles”, Opt. Comm. 198, 7 (2001).
7
[12] G. Volpe, R. Quidant, G. Badenes and D. Petrov, ”Surface plasmon radiation forces”, Phys.
Rev. Lett. 96, 238101 (2006).
[13] J.R. Arias-Gonzalez and M. Nieto-Vesperinas, ”Optical forces on small particles. Attractive
and repulsive nature and plasmon-resonance conditions, J. Opt. Soc. Am. A 20, 1201 (2003).
[14] S. Albaladejo, M. I. Marques, M. Laroche and J. J. Saenz, ”Scattering Forces from the Curl
of the Spin Angular omentum of a Light Field”, Phys. Rev. Lett. 102, 113602 (2009).
[15] L. Mandel and E. Wolf, Optical Coherence and Quantum Optics, (Cambridge U.P., Cambridge,
1995).
[16] M. Nieto-Vesperinas, Scattering and Diffraction in Physical Optics, 2nd edition, World Scien-
tific, Singapore, 2006.
[17] A. Garc´ıa-Etxarri, R. Go´mez-Medina, L.S. Froufe-Perez, C. Lopez, L. Chantada, F. Schef-
fold, J. Aizpurua, M. Nieto-Vesperinas and J. J. Saenz, ”Strong magnetic response of Silicon
nanoparticles in the infrared”, arXiv:1005.5446v1; Opt. Express, submitted (2010).
[18] C.F. Bohren and D.R. Huffman, Absorption and Scattering of Light by Small Particles, John
Wiley, New York, 1998.
[19] B.T. Draine, ”The discrete-dipole approximation and its application to interstellar graphite
grains”, Ap. J. 333, 848 (1988).
[20] V.G. Veselago, ”The electrodynamics of substances with simultanenous negative values of ǫ
and µ”, Sov. Phys. Usp. 10, 509 (1968).
[21] E. Kretschmann, ”The determination of the optical constants of metals by excitation of surface
plasmons”, Z. Phys. 241, 313 (1971).
[22] H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on Gratings. Springer
Tracts in Modern Physics 111, Springer-Verlag, New York (1988).
[23] S.A. Darmanyan, M. Neviere and A.A. Zakhidov, Surface modes at the interface of conven-
tional and left-handed media”, Opt. Comm. 225, 233 (2003).
8
